OBJECTIVE: For a decade or more, poor nutrition during gestation, expressed as low weight at birth, was held to be the factor responsible for insulin resistance later in life. Birth weights, however, are rising and insulin-resistant states, such as diabetes, faster still. Alternative explanations are needed for insulin resistance in contemporary society. This review cites data from the EarlyBird study on the relationships of insulin resistance and metabolic disturbance in early childhood. DESIGN: EarlyBird is a nonintervention prospective cohort study that asks the question 'Which children develop insulin resistance, and why?' It is unique in taking serial blood samples from a young age with which to monitor the behaviour of insulin resistance and its metabolic correlates, and in its comprehensive assessment of factors known or thought to influence insulin resistance SUBJECTS: In all, 307 randomly selected healthy school children at school entry (mean age 4.9 y) and at 12 and 24 months later. MEASUREMENTS: In the children: Birth weight and, at each time point height, weight, body mass index (BMI, kg/m 2 ), skinfolds at five sites, circumferences, resting energy expenditure, physical activity, body composition, heart rate variability, diet, HOMA-IR and HOMA-ISC, blood pressure, full blood count, haemoglobin and haematocrit, HbA1C, total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides, uric acid, IGF-1, gonadotrophins and SHBG. In their parents: At baseline height, weight, BMI, waist circumference, HOMA-IR and HOMA-ISC, full blood count, haematocrit, HbA1C, total cholesterol, HDL cholesterol, calculated LDL cholesterol, triglycerides, uric acid, gonadotrophins and SHBG. RESULTS: Four observations are reported here: (1) There are clear correlations in contemporary children between insulin resistance and weight at 5 y, but none with birth weight. (2) Females throughout life are intrinsically more insulin resistant than males. (3) The substantial variation of physical activity among young children is attributable to the child, and not to his environment. (4) There is dissociation in young children between fatness and insulin resistance. CONCLUSION: There is much yet to be learned about the development of obesity and insulin resistance in children. The notions of overnutrition and underactivity alone are too simplistic.
Introduction
EarlyBird is a nonintervention, prospective, cohort study focusing on the natural evolution of insulin resistance in a cohort of healthy children, monitored from school entry to the age of 16 y. 1 Its aim is to explain the process that leads some, but not others, to go on to develop the metabolic syndrome and type 2 diabetes. It is believed that an improved understanding of the factors responsible will better inform health strategists in the task of prevention. It is of concern that type 2, or the so-called 'adult-onset' diabetes is increasingly diagnosed in young people, 2 that its incidence throughout the industrialized word is rising exponentially 3 and that it consumes a disproportionate share of the health budget. 4 Diabetes, however, is the outcome of a processFit is not the process itself. The process is that of insulin resistance, which may precede the diabetes by many years. 5 Diabetes emerges when the beta cells are no longer able to supply sufficient insulin to meet the resistance. The incidence of type 1 is rising in parallel with that of type 2 diabetes, 6 and we have recently proposed the Accelerator Hypothesis, which proposes that type 1 and type 2 diabetes are one and the same disorder of insulin resistance, set against different genetic backgrounds. 7 There are three key issues that surround the rising prevalence of diabetes: at what stage of life does insulin resistance emerge, what is the role of lifestyle factors and which component of insulin resistance is genetic? There is a prevalent view that the answers are already known: that children eat too much of the wrong foods, that they undertake too little physical activity and that a poor gestational environment programmes the genetically susceptible for a lifetime of insulin resistance. In reality, there is little information on the development of insulin resistance in children. Many cross-sectional studies have been conducted on the associations between low birth weight, high body mass index (BMI, kg/m 2 ) and insulin resistance. Few, however, have studied the relationships prospectively in a single cohort, and none has obtained serial blood samples from such a young age with which to investigate the impact of body composition, fat distribution, dietary habits, energy expenditure and physical activity on insulin resistance and its metabolic correlates. It is the EarlyBird hypothesis that insulin resistance in contemporary children is a result of excess weight: acquired either by the mother during gestation, randomly by the child during its early years, or a combination of the two. Whichever the case, the result is viewed as potentially preventable.
Subjects and methods
The methodology, statistical treatment and quality validation of EarlyBird have been described in detail elsewhere.
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Recruitment
The EarlyBird study comprises a random sample of the 1995/ 96 Plymouth birth cohort and their parents. All 71 Plymouth primary schools were identified and their head teachers asked for agreement to participate in the study. The 54 schools that consented were stratified into quartiles according to their proportion of free school meal entitlement as a socioeconomic proxy, and a random selection from each made accordingly. Exclusion criteria were diabetes, pathological states likely to affect growth or body composition, moderate or severe physical disability and long-term use of oral steroids. Local Research Ethics Committee approval was obtained in 1999. With the parents' written consent and children's assent, a total of 307 children (137 girls, 170 boys, mean age 4.9 y) who started school between January 2000 and January 2001 became the EarlyBird cohort. Recruitment was complete by May 2001. The majority of children are white Caucasian, with only five of mixed race. Attrition is the greatest threat to prospective cohort studies, and has, to date, been minimal.
Procedure
The children are reviewed from 08:00 by a trained research nurse within a hospital department of child health. Anthropometric and blood pressure measures are repeated at sixmonthly intervals and all other tests every 12 months. A limited number of anthropometric measurements were made on the parents at baseline, and a fasting blood sample taken for DNA, insulin resistance and markers of the metabolic syndrome, except where the parent was known to be diabetic, taking hormonal medication (eg contraceptive pill, HRT), oral steroids or, in the case of the mother, pregnant or lactating. The parents were included for several reasons. They provide the closest approximation available as to the children's likely metabolic status a generation hence, and they permit an analysis of trios. Phenotypic characteristics passing between father and offspring are likely to prove genetic, whereas the same characteristic shared by mother and offspring might equally be a gestational (intergenerational) effect. The active involvement of parents is also critical to retention. All data are anonymized and archived on optical disc. 
Main outcome measures
Results
The relationship of insulin resistance to birth weight, catch-up weight and current weight in children at 5 y For more than a decade, the foetal programming hypothesis has taught that insulin resistance and its associated metabolic disturbances result from poor gestational environment, for which low birth weight is a surrogate. 8 It has recently been suggested that poor growth during gestation also programmes the consequences of excess weight gain (centile-crossing) in childhoodFthe so-called weight 'catch-up' hypothesis. 9 Low birth weight, however, is now rare in industrialized societies, while metabolic disease is increasing, and it is possible that overnutrition during childhood is replacing undernutrition during gestation as a dominant cause of insulin resistance. We investigated the relevance of all three mechanisms to insulin resistance in the EarlyBird children at 4.9 y. 10 There was no correlation between insulin resistance at 5 y and birth weight in either sex (boys: r ¼ À0.11, P ¼ 0.18; girls: r ¼ À0.11, P ¼ 0.23). Insulin resistance was correlated with current weight and weight 'catchup' in both sexes, but more strongly so in girls (r ¼ 0.33, Po0.001) than boys (r ¼ 0.18, P ¼ 0.03). Weight change, however, did not improve on (ie merely cocorrelated with) current weight in the prediction of insulin resistance at 5 y. Most importantly, insulin resistance at 5 y was the same in children of heavier birth weight, whose weight standard deviation score had not changed, as in those of lighter birth weight, matched for current weight, who had experienced the so-called 'catch-up' (Table 1) . Insulin resistance in contemporary children appears to be a function of excess current weight rather than low birth weight or change in weight. The so-called 'catch-up' appears to be a cocorrelate of high current weight and a statistical artefact rather than an independent biological process responsible for insulin resistance.
Females are intrinsically more insulin resistant than males Girls are born lighter than boys. The consistency of this observation across populations is striking, suggesting that it may have fundamental significance. Previous hypotheses relating low birth weight to subsequent diabetes have only addressed within-gender 8, 11, 12 and not between-gender differences in insulin resistance. We propose that gender-specific genes affecting insulin sensitivity are responsible for the gender difference in birth weightFthe more insulin-resistant female foetus is less responsive to the trophic effects of insulin and is therefore smallerFand that this gender difference is retained throughout life. The girls at 5 y were 33% more insulin resistant than the boys, even after adjustment for differences in anthropometry, physical activity, body composition and energy expenditure. 13 Furthermore, the girls had higher fasting triglycerides and lower HDL cholesterol and SHBG than the boys (Figure 1) . Globally, reports of T2D in children show a consistent female preponderance. 13 As children of 5 y, the girls were of similar girth to the boys (51.3 vs 51.1 cm, P ¼ 0.59), but as adults, the fathers were of substantially greater girth than the mothers (92.2 vs 80.8 cm, Po0.001) and were now 7% more insulin resistant. Once adjusted for waist circumference, however, mothers were again more insulin resistant, by some 25% (Po0.001), suggesting that females are intrinsically more insulin resistant than males throughout life (Table 2) . Adult males more frequently become diabetic than females, but women are more prone to diabetes at any given BMI (Figure 2 ). 14, 15 The change in gender dominance of insulin resistance with maturity can be explained almost entirely by change in waist circumference, and males acquire their greater girth some time after puberty. Finally, girls are universally lighter at birth than boys (by approximately 110 g), and cord blood insulin levels and insulin split fragments that mark for insulin resistance are higher in newborn girls than boys. 16 The foetal insulin hypothesis predicted that the offspring of insulin-resistant fathers would be lighter at birth, 8 but has not been substantiated. 17, 18 The gender insulin hypothesis, proposed here, examines gender differences and finds evidence for intrinsic (genetic) insulin resistance among females that can account for (1) the higher prevalence of diabetes among females for any given BMI (Figure 2 ), (2) the predominance of females among young people with type 2 diabetes and (3) the most fundamental gender difference of allFbirth weight. Insulin resistance may confer metabolic advantage in motherhood, ensuring nutrient supply to the The table compares the mean weights and insulin resistances of those whose weight 'caught up' (I, low-high) with those whose weight remained above the median since birth (II, high-high). Metabolic risk in childhood TJ Wilkin et al foetus, and physical advantage on her sons by virtue of their heavier birth weight. The gender insulin hypothesis also resolves some of the difficulties in evaluating candidate genes for insulin resistance. First, gender-specific genes have a clear impact on foetal growth. Second, one of the confounding effects on birth weightFgenderFis entirely removed. Third, the prevalent metabolic disorders of young populationsFinsulin resistance and type 2 diabetesFprovide important phenotypic linkage. The search for genes underlying type 2 diabetes might usefully focus on those accounting for the universal gender difference in birth weight.
The variation of physical activity among young children is attributable to the child, and not to his environment A recent survey of children at primary schools in England found a marked decline in timetabled physical education between 1994 and 1999. 19 Sport England expressed concern about the impact of competing priorities, such as numeracy and literacy, on curricular physical education and concluded that children from poorer backgrounds would be worst affected. We used accelerometers to measure the impact of timetabled physical education on overall physical activity in children at three schools offering widely different opportunities. 20 School 1, a private preparatory school with some boarding pupils, had extensive facilities and 9.0 h a week of physical education in the curriculum. School 2 was a village school commended for its focus on physical activity offering 2.2 h of timetabled physical education a week. School 3, an inner city school with limited sporting provision, offered 1.8 h of physical education a week. Compliance with the accelerometers was 74% (85 boys and 74 girls); compliant and noncompliant children did not differ in BMI or household income. As expected, pupils in School 1 recorded the most activity in school time but this was barely twice that of pupils in Schools 2 or 3 (both Po0.001) despite timetabling more than four times the amount of physical education (Figure 3) . Surprisingly, total physical activity between schools was similar, as children in Schools 2 and 3 undertook correspondingly more activity out of school than children at School 1 (both Po0.001). Among the boys, total activity was actually higher in School 2 than in Schools 1 and 3 (both P ¼ 0.02) with mean (s.d.) units of activity a week of 39.1 (6.8), 34.7 (7.7) and 33.8 (7.8), respectively. In general, girls undertook less physical activity a week than boys (32.7 (6.8) vs 35.9 (7.7) units; P ¼ 0.007), but their patterns according to school were the same. Mean Table 2 Relationships between insulin resistance and BMI in children and their parents, before and after adjustment for waist circumference (a proxy for visceral fat) household incomes were 5.5, 4.3 and 2.7 units in the three schools (all Po0.001).
We conclude that the total amount of physical activity undertaken by primary school children does not depend on how much physical education is timetabled at school, as they compensate out of school. This is unexpected, but encouraging because the amount of timetabled physical education offered in School 1 is unlikely to be bettered elsewhere, and children from School 3 (the poorest) were not adversely affected. Less encouraging is that girls undertake significantly less physical activity than boys, yet are known to have higher insulin resistance and triglyceride levels. 13 We cannot comment on whether physical activity among primary school children has declined, but we found no evidence that children from poorer backgrounds are adversely affectedFthey recorded the same overall physical activity as the most privileged children. The survey by Sport England was conducted by questionnaire, and its conclusions differ from ours. These findings need confirmation but give cause for reflection on methods of collecting activity data, the provision of physical education in school and the competing demands of the school curriculum.
Dissociation between fat mass and insulin resistance in early childhood Waist circumference (a proxy for visceral fat) predicts insulin resistance better than BMI in adults, 21 but not in prepubertal children where skinfolds, BMI and waist circumference cocorrelate closely and predict insulin resistance equally.
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Type 2 diabetes is now presenting in adolescence and childhood, and is thought to result from a combination IR and inadequate beta cell response. 23 Insulin resistance is also believed to drive a further series of metabolic disturbances that collectively raise the risk of cardiovascular disease. 24 A major factor in the process is accumulation of body fat. These relationships have been largely confirmed in adults, 25 but have not been studied closely in young children, where the disturbance may nevertheless begin. We therefore explored the emerging relationships between body fat, IR and cardiovascular risk variables in the EarlyBird cohort tested at 4.9, 5.9, 6.9 and 7.9 y. We wanted to examine the behaviour of insulin resistance with advancing age, and its relation to changes in the body fat thought to cause it, and to the metabolic variables it is believed to control. As expected, indices of body fatness (mean of skinfold thickness, BMI, %fat by DXA) all rose progressively and significantly between 5 and 7 y (boys Po0.05, girls Po0.001). Insulin levels and HOMA-IR, on the other hand, fellFand substantially so (Figure 4) .
The data show metabolic dissociation: a progressive rise in body fat as puberty approaches, but a progressive fall in insulin resistance, which was unexpected. An inverse relationship between the two is counter-intuitive, given the upward age-related trends in fatness and insulin resistance seen in adults, but there is little longitudinal evidence in the paediatric literature to compare. The immediate importance of these observations lies in the potential they offer for the misinterpretation of health interventions designed to improve metabolic profile in this age group. The mechanism is uncertain, but the deceleration of height velocity and fall in growth hormone prior to the onset of puberty should be considered. 26 This report summarizes some of the findings from a small, but closely observed longitudinal study of growing children. It highlights observations that are contrary to assumptions in the existing literature, but which now have to be incorporated into our thinking about insulin resistance, the factors that cause it, and its metabolic impact in this age group. Figure 4 The trends over time in insulin resistance and adiposity (skinfolds) of boys and girls at 4.9, 5.9, 6.9 and 7.9 y.
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